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Abstract 
We have systematically studied the strong correlation effects in A-site ordered perovskites 
CaCu3Ti4-xRuxO12 (x = 0, 1, 3.5, 4) by using photoemission and inverse photoemission 
spectroscopies. In x = 0, 1, 3.5, the peak positions of the strongly correlated Cu 3d states around 
-3.8 eV and Ti 3d states around 3.6 eV little change. On the other hand, in x = 4, the Cu 3d 
states is observed around -2.5 eV. These indicate that Ti plays an important role to retain the 
strong correlation effects. In addition, the multiplet structures of Cu 3d final states from -8 to -
15 eV become weak as Ru increases, indicating the reduction of the localized characters of Cu 
3d states. At the Fermi level, we observe the absence of spectral weight in x = 0, 1 and the 
development of Ru 4d in-gap states between the Cu 3d and Ti 3d peaks in x = 3.5, 4, which 
give rise to the metal-insulator transition between x = 1 and x = 3.5. 
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1 INTRODUCTION 
Strong correlation effects have been long-standing issues in condensed matter physics due to 
the intrigue phenomena, such as the Mott-insulator, heavy fermion, high-Tc superconductivity 
and quantum critical phenomena [1, 2, 3, 4, 5]. Among them, A-site ordered perovskites, 
CaCu3Ti4O12 (CCTO) and CaCu3Ru4O12 (CCRO), are one of the most widely studied systems. 
CCTO has been well known as the Mott-insulator with the extremely high dielectric constant 
[6, 7, 8]. The origin of the Mott insulating state in CCTO has been investigated in terms of the 
electronic structure by a variety of experimental and theoretical methods [9, 10, 11, 12, 13, 14]. 
Recently, in the photoemission measurements, we have revealed that Cu 3d and Ti 3d electrons 
hybridized with O 2p states are strongly correlated, causing the absence of density of states 
near the Fermi level (EF) and band shift of Cu 3d and Ti 3d peaks away from each other 
compared to the local-density approximation (LDA) calculations [11, 12, 13]. CCRO has 
attracted much attention due to the heavy-fermion like behaviors [15, 16, 17], which have been 
usually observed in strong correlated 4f-electron systems [4, 18]. Usually, it has been accepted 
that the localized Cu 3d electrons and the itinerant Ru 4d electrons cause the heavy-fermion 
behaviors via Kondo effects [15]. These electronic structures have been also explained by 
considering correlation effects in photoemission and band calculation [19, 20, 21, 22]. In 
addition, transportation experiments on CaCa3Ti4-xRuxO12 have revealed that the metal-
insulator transition takes place between x = 1.5 and 4 [15, 23]. It is certain that CaCa3Ti4-
xRuxO12 is a proper system to clarify the strong correlation effects in the d-electron systems. 
However, the systematic studies of their electronic structure have been insufficient to explain 
the mechanism of the above intrigue phenomena caused by the strong correlation effects. To 
this end, we have systematically studied the electron structure of CaCa3Ti4-xRuxO12 (x = 0, 1, 
3.5, 4) in both the occupied and unoccupied energy regions by using photoemission (PES) and 
inverse photoemission (IPES) spectroscopies. 
 
2 EXPERIMENTAL DETAILS 
We have synthesized the polycrystalline samples of CaCa3Ti4-xRuxO12 (x = 0, 1, 3.5, 4) by a 
conventional solid-state reaction method. Their single phase was confirmed by X-ray 
diffraction pattern. The PES measurements have been carried out at the beamline BL-7 of 
HiSOR [24] after pilot experiments at the beamline BL5U of UVSOR. The used photon 
energies (hv) were 40 and 70 eV. The PES spectra were obtained at T = 300 K for x = 0, 1, 3.5 
and T = 100 K for x = 4. The energy resolution was set to about 35 meV at hv = 40 eV. The 
IPES experiments have been performed by a stand-alone apparatus with the tunable photon 
energy mode at HiSOR [25, 26]. The IPES spectra were obtained at the kinetic energies of 
incident electrons (Ek) of 40, 46, 50 eV and T = 300 K. The energy resolution was about 650 
meV at Ek = 40 eV. For all sample, the clean surfaces were prepared by in situ cleaving in the 
ultra-high vacuum. The Fermi-level was referred to that of Au.  
 
  
3 RESULTS AND DISCUSSION 
 
Fig. 1. (a, b) PES spectra of CaCu3Ti4-xRuxO12 obtained at hv = 40 and 70 eV in the valence 
band region. The symbols, ▼ and ●, denote the positions of Cu 3d and Ru 4d states, 
respectively. (c, d) PES spectra of CaCu3Ti4-xRuxO12 near the Fermi level for the insulator state 
(x = 0, 1) and for the metallic state (x = 3.5, 4) at hv = 70 eV. The PES spectrum of x = 1 was 
shifted toward EF by 0.22 eV in (c). Measurement temperature were 300 K for x = 0, 1, 3.5 and 
100 K for x = 4. 
  
 Figure 1 shows the PES spectra of CaCu3Ti4-xRuxO12 (x = 0, 1, 3.5, 4) in the valence band 
region and near EF. They were measured at hv = 40, 70 eV and T = 300 K for x = 0, 1, 3.5 and 
T = 100 K for x =4. The different measurement temperatures do little affect the feature of the 
PES spectra in the valence band region, except for the thermal broadening of the Fermi edge, 
e.g. about 100 meV at room temperature, which can be ignored for the sake of argument in this 
work. Let us firstly discuss the feature of the obtained PES spectra in CCTO (x = 0), comparing 
with our previous works [11, 12, 13]. We observe that the spectral weights are negligible at EF, 
revealing the insulating state. There are the intensive peaks around -3.8 eV of mainly Cu 3d 
states and the hump around -6 eV of mainly O 2p states. In the region from -8 to -15 eV, we 
observe the small double peaks, which come from the multiplet structures of Cu 3d final states 
(d8 and d10L2 around -9 eV, and mainly d8 final states around -12 eV, where L is a ligand with 
a hole). These features of the PES spectrum have been well understood on the base of the strong 
correlation effects [12, 27]. For the further details, refer to our previous papers [11, 12, 13]. 
Here, we would like to focus on the increase of Cu 3d peak around -3.8 eV intensity with 
increasing hv from 40 to 70 eV, which is caused by the increase of photoionization cross section 
of Cu 3d states with the kinetic energy of photoelectrons [28, 29]. 
 In the case of CCRO (x = 4), we can recognize that there are the large spectral weights near 
EF in contrast to that of CCTO, indicating the metallic state. In the region from -2 to -8 eV, 
there are intensive broad peaks, which seem to be superposition of three peaks around -2.5, -4, 
and -6 eV. In the band calculation, the spectral weights near EF states have been attributed to 
Ru 4d states [19]. The Cu 3d states have contributed to the spectral weights mainly around -
2.5 eV and partially around -4 eV. The spectral weights around -6 eV are composed of mainly 
the O 2p states [19, 20]. Here, it should be noted that the Cu 3d peak around -2.5 eV increases 
with increasing hv. In view of the photoionization cross section, the Cu 3d states around -3.8 
eV in CCTO and around -2.5 eV in CCRO have similar characters. This has been also supported 
by the previous reports where the peak around -2.5 eV of CCRO is mainly composed of Cu 3d 
states as mentioned above [19, 20]. In CCRO, the multiplet structure of Cu 3d final states 
around -9 eV is not clearly observed compared to that of CCTO. This indicates that the 
localized character of Cu 3d states becomes weak due to the substitution of Ru for Ti. Note that 
the localized character of Cu 3d states still exists as shown in the observation of the multiplet 
structure around -12 eV. 
 Next, let us discuss the PES spectra of CaCu3Ti4-xRuxO12, considering the variation of the Ru 
concentration (x = 0, 1, 3.5, 4). Fig. 1(c) shows the PES spectra of x = 0 and 1 near EF obtained 
at hv = 70 eV. The PES spectrum of x = 0 was shifted toward EF by 0.22 eV to compensate for 
the charge-up effects, which are sometimes observed due to the good insulating state of CCTO 
and the strong intensity of the incident light [12, 13]. In x = 1, we observe the spectral weight 
around -1 eV in addition to the small shoulder around -1.7 eV, which is composed of Cu 3d-O 
2p hybridized bands and corresponds to the lower Hubbard band in x = 0 [11]. However, the 
spectral weights near EF of x = 1 do not extend to EF, retaining the insulator state. Except for 
the region near EF, the spectral shapes of x = 0 and 1 are very similar in the valence band region 
as shown in Fig. 1(a) and 1(b). On the other hand, the spectral weights of x = 3.5 and 4 are 
clearly observed at EF as shown in Fig. 1(d), showing the metal-insulator transition between x 
= 1 and x = 3.5 in good agreement with the results of transportation experiments [15, 23]. It is 
found that the spectral shape of x = 3.5 is similar with those of x = 0, 1 in the valence band 
region, except for the decrease of Cu 3d peak around -3.8 eV (Fig. 1(a) and 1(b)). Here, we 
should note that the peak positions of Cu 3d state around -3.8 eV little change in x = 0, 1, 3.5. 
On the other hand, the Cu 3d peak is observed around -2.5 eV in CCRO (x = 4) where there is 
no Ti concentration. Even a small Ti concentration seems to pin the position of the Cu 3d states 
around -3.8 eV. This indicates that the Ti 3d states play an important role to retain the strong 
correlation effects in the CaCu3Ti4-xRuxO12 system. In addition, we would like to emphasize 
that the intensity of the multiplet structure of Cu 3d final states in the region from -8 to -15 eV 
decreases with increasing x. This means that the increase of Ru concentration reduces the 
atomic-like characters of Cu 3d states caused by the strong correlation effects. 
 
 Fig. 2. (a-c) IPES spectra of CaCu3Ti4-xRuxO12 obtained at Ek = 40, 46, 50 eV in the valence 
band regime. The symbols, ▼ and ●, denote the positions of Ti 3d and Ru 4d states, respectively. 
All spectra were measured at T = 300 K. 
 
 Figure 2 shows the IPES spectra of CaCu3Ti4-xRuxO12 (x = 1, 3.5, 4) in the unoccupied energy 
region from 0 to 12 eV. They were obtained at Ek = 40, 46, 50 eV and T = 300 K, and were 
normalized to the intensity of the Ca 3d peak around 9 eV [12]. In the case of x = 1, we observe 
the negligible spectral weights near EF, indicating the insulating state in agreement with the 
above PES results. We clearly observe that the Ti 3d peak around 3.6 eV is largely enhanced at 
Ek = 46 eV as shown in Fig. 2(b), due to the Fano-resonance between standard IPES process 
and Coster-Kronig Auger process around Ti 3p-3d edge [29, 30]. The resonant effects are much 
obvious in comparison with that of CCTO (x = 0) in our previous paper [12]. For the reason 
why the resonance of Ti 3d state is suppressed in CCTO, further studies are required. In CCRO 
(x = 4), the IPES spectrum does not show the resonant effects due to the absence of the Ti 
concentration. Instead of that, the spectral weight of Ru 4d states near EF increase with 
increasing Ek due to the change of the photoionization cross section of Ru 4d state [28, 29]. 
This reveals the itinerant character of Ru 4d states. In Figs. 2(b) and 2(c) where the IPES spectra 
were obtained at Ek = 46 and 50 eV, respectively, the peak positions of Ti 3d states of x = 1 and 
3.5 are almost the same as that of CCTO (x = 0), where the Ti 3d peak is located in the higher 
energy region compared to the LDA calculation due to strong correlation effects [12]. On the 
other hand, in Fig. 2(a), the IPES spectra were obtained at Ek = 40 eV which is close to an off-
resonant condition of the Ti 3p-3d edge [30]. There is a peak around 3 eV in x = 3.5, instead of 
the Ti 3d peak around 3.6 eV. This peak can be assigned to Ru 4d states as predicted in band 
calculation [19]. The spectral weights of Ru 4d states are also observed at EF in x = 3.5, 
indicating metallic state, in agreement with the above PES results. 
 
 
 
 
 Fig. 3. (Left panel) PES and IPES spectra of of CaCu3Ti4-xRuxO12 (x = 1, 3.5, 4) obtained at hv 
= 70 eV and Ek = 50 eV, respectively. The symbols, ▼, ▼, ●, denote the positions of Cu 3d, Ti 
3d, Ru 4d states, respectively. (Right panel) Schematic diagram of variation of partial DOS of 
Cu 3d, Ti 3d, Ru 4d orbitals with respect to Ru concentration. 
 
Finally, let us discuss the metal-insulator transition in CaCu3Ti4-xRuxO12, focusing on the d-
states in both occupied and unoccupied energy regions. The left panel of Fig. 3 shows the PES 
and IPES spectra at hv = 70 eV and Ek = 50 eV, respectively. A corresponding schematic 
diagrams of partial density of states (DOS) of the d-orbitals are shown in the right panel of Fig. 
3. The both peak positions of Cu 3d states around -3.8 eV and Ti 3d states around 3.6 eV little 
change in x = 1, 3.5, while the Cu 3d states appear around -2.5 eV in x = 4. These once again 
emphasize the important role of the Ti 3d states in the strong correlation effects. As the Ru 
concentration increases, the in-gap states of Ru 4d states were developed at EF in x = 3.5 and 
more clearly observed in x = 4. Consequently, the metal-insulator transition has been attributed 
to the appearance of the Ru 4d in-gap states at EF between the peaks of the strongly correlated 
Cu 3d and Ti 3d states. This is different with the mechanism of the conventional Mott metal-
insulator transition [1, 2]. The above results also mean that the localized characters of Cu 3d 
states and the itinerant characters of Ru 4d states coexist, supporting the understanding of the 
heavy fermion behaviors of CCRO (x = 4), which have originated from the Kondo effects 
formed by Cu 3d and Ru 4d electrons [15]. 
 
4. CONCLUSIONS 
In order to systematically study the variation of strong correlation effects in A-site ordered 
perovskites CaCu3Ti4-xRuxO12, we have performed the PES and IPES experiments. The peak 
positions of Cu 3d states around -3.8 eV and Ti 3d states around 3.6 eV little change in x = 0, 
1, 3.5, while Cu 3d peak is located around -2.5 eV in x = 4. In addition, the intensity of the 
multiplet structures of Cu 3d final states in the region from -8 to -15 eV becomes small as the 
Ru concentration increases. These results have revealed that strong correlation effects become 
weak due to the substitution of Ru for Ti. We also found that the absence of spectral weight at 
EF in x = 0, 1 and the Ru 4d in-gap states at EF in x = 3.5, 4 have been responsible for the metal-
insulator transition. 
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